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ANALYSIS O F  EFFECT O F  COMFENSATING-BELLOWS DEVICE 

I N  A PROPELLANT LINE AS A MEANS OF SUPPRFSSING 

ROCKET PUMP I" PERTURBATIONS 

by W i l l i a m  L e w i s  and Robert J. Blade 

Lewis Research Center 

SUMMARY 

A n  analysis  of pressure and flow perturbat ions produced i n  a propellant 
feed system by fundamental-mode longi tudinal  o s c i l l a t i o n s  of t h e  s t ruc ture  of 
the  vehicle i s  used t o  derive an expression f o r  t r a n s f e r  function t h a t  r e l a t e s  
the pmp-flow perturbation t o  uni t  s t r u c t u r a l  o s c i l l a t i o n  veloci ty  f o r  a system 
i n  which a compensating-bellows device i s  located between the feed l i n e  and the 
pump i n l e t .  The device consis ts  e s s e n t i a l l y  of an enclosed var iable  volume t h a t  
i s  control led by the  r e l a t i v e  motion of two p a r t s  of the  s t ruc ture  t h a t  o s c i l -  
l a t e  with d i f fe ren t  amplitudes. 
i n l e t  flow perturbations can be suppressed by a su i tab le  select ion of the  
compensating-bellows parameters. 

Results of the  analysis  indicate  t h a t  pump- 

INTRODUCTION 

Longitudinal s t r u c t u r a l  o s c i l l a t i o n s  (0 t o  30 cps) occurring i n  launch ve- 
h i c l e s  near the end of the  boost phase have become a problem of increasing con- 
cern with the  t rend  t o  heavier space-vehicle payloads. As  l a r g e r  payload space 
missions involving heavily loaded multistage vehicles  a r e  planned, increasing 
a t t e n t i o n  w i l l  have t o  be given t o  the  longi tudinal  s t a b i l i t y  c h a r a c t e r i s t i c s  of 
t h e  boost vehicle. 

The mechanism of longi tudinal  i n s t a b i l i t y  apparently involves propellant-  
system flow perturbations driven by s t r u c t u r a l  osc i l la t ions ,  which i n  t u r n  pro- 
duce o s c i l l a t i o n s  i n  engine thrus t .  The t h r u s t  per turbat ions a re  fed  back 
through the  s t ruc ture  t o  complete t h e  mechanism. 
problem a r e  not f u l l y  understood, various dynamic models have been proposed t o  
study t h i s  problem (ref .  1). 
e l s  of t h e  system, which includes, f o r  example, a distributed-parameter propel- 
l e n t  l ine ,  and the  e f f e c t s  of mechanical o s c i l l a t i o n s  of various p a r t s  of t h e  
propellant system. A similar model i s  described i n  an unpublished repor t  by 
Dr. S. Rubin of Aerospace Corporation. These models provide a means of in- 
cluding the  e f f e c t s  of proposed oscil lation-suppression devices. The device 
discussed herein represents a general izat ion of the concept enibodied i n  the 
constant-volume bellows proposed by Douglas Aircraf t  Company f o r  use on t h e  f u e l  
side of the  vehicle.  

Although a l l  aspects of t h e  

Reference 1 presents  one of the more complete mod- 



The very complexity of t he  complete model f o r  the  o s c i l l a t i n g  system tends 
t o  obscure the  fundamental p r inc ip les  t h a t  must be considered i n  t h e  design of 
flow-suppression devices. For this reason a s implif ied ana ly t i ca l  propellant-  
system model w a s  developed a t  the  NASA Lewis Research Center. 
sen ts  a s implif ied ana lys i s  of t h e  feed system f o r  one propel lant  when a com- 
pensating bellows device i s  used for suppression of flow perturbat ions a t  the  
inlet  of t he  pump. By using t h e  methods presented i n  references 2 t o  4, t he  
t r a n s f e r  function expressing pump-inlet flow perturbat ion as a response t o  u n i t  
s t r u c t u r a l  ve loc i ty  per turbat ion i s  obtained. 
a means of se lec t ing  an optimum value f o r  t he  compensating bellows parameter. 

This repor t  pre- 

This t r a n s f e r  funct ion provides 

ANALYSIS 

Since longi tudina l  o s c i l l a t i o n s  have been a problem only near t h e  end of 
t he  booster-burning period, a condition of nearly empty tanks i s  assumed. 
vehicle s t ructure ,  including engines, payload, and a s m a l l  amount of propel lants  
i n  t h e  tanks, i s  assumed t o  be o s c i l l a t i n g  s inusoidal ly  i n  the  fundamental lon- 
g i tud ina l  mode a t  or very close t o  t h e  na tura l  frequency. 
t i o n s  a nodal point  e x i s t s  near t he  upper end of t he  booster. 
pump assembly i s  t r e a t e d  as a r i g i d  un i t  with an o s c i l l a t i o n  ve loc i ty  
(Symbols a re  defined i n  the  appendix. ) The ve loc i ty  of o s c i l l a t i o n  of t he  bot- 
tom of t h e  propel lant  tank k t  i s  r e l a t e d  t o  k l  by t h e  mode-shape f a c t o r  c p t  

The 

Under these  condi- 
The engine and 

2 . 

as 

-2 

-t 

Since t h e  s t ruc ture  i s  l i g h t l y  damped, t h e  imaginary p a r t  
of cp i s  s m a l l  compared with 1 and small compared with the  
r e a l  p a r t  except near a nodal point. (Complex numbers a re  
used t o  represent  s inusoidal  o s c i l l a t i o n s  according t o  the  
usual conventions. ) 

Pressure and volume-flow perturbat ions i n  the  propel- 
l a n t  feed l i n e  a r e  t o  be described by acoust ic  equations. 
This descr ip t ion  requi res  t h a t  t he  flow perturbat ion be 
measured i n  a reference system t h a t  does not o s c i l l a t e .  
Accordingly, reference s t a t i o n  A ( f i g .  1) w a s  se lec ted  t o  
represent  t h e  mean pos i t ion  of t he  lower end of t h e  feed 
l i ne .  S ta t ion  A moves with the  vehicle  but does not osc i l -  
late. The compressibil i ty i n  t h e  pump-inlet region asso- 
c ia ted  with cavi ta t ion  i n  the  inducer stage i s  represented 
symbolically by the  bubble a t  the  pump i n l e t  ( s t a t i o n  13, 
f ig .  1). The compressibil i ty i s  represented ana ly t i ca l ly  
by CB, t h e  decrease i n  t o t a l  volume of vapor bubbles i n  
the  pump-inlet region per u n i t  increase i n  suction pressure 
under operating conditions. The flow i n t o  the  bubble i n  
response t o  a s inusoidal  va r i a t ion  of suction pressure i s  
given by 

Figure 1. - Schematic represen- 
tation of propellant feed system. 

2 



The volume compensating device, shown at  s t a t i o n  D i n  f igure  1, i s  attached 
t o  the  feed l i n e  a t  t he  i n l e t  of the  pump. It cons is t s  e s sen t i a l ly  of a var i -  
able  volume control led by the  relative displacement of two p a r t s  of t he  s t ruc-  
t u r e  t h a t  o s c i l l a t e  with d i f f e ren t  amplitudes. The compensator i s  attached t o  
the  pump assembly and therefore  has t h e  o s c i l l a t i o n  displacement 
connected by means of a mechanical linkage (or servomechanism) t o  a point i n  the  
forward p a r t  of t he  s t ruc ture  having a displacemeizt The arrangement 
shown i n  f igu re  1 i l l u s t r a t e s  a kinematic pr inc ip le  of operation but  i s  not in- 
tended t o  represent p r a c t i c a l  hardware. The volume enclosed by the  compensator 
i s  r e l a t e d  t o  t h e  displacement difference by the  following equation 
t h a t  def ines  the  kinematic f ac to r  k: 

XI. It i s  

x2 = cp2x1. 

x1 - x2 

The volume flow i n t o  t h e  compensator i s  

The per turbat ion of flow through the  pump i s  given by the  following flow- 
cont inui ty  equation: 

where 
feed l i n e  with respect  t o  the  nonosci l la t ing reference s t a t i o n  A, and S k l  (pos- 
i t i v e  upward) i s  the  flow equivalent of t he  o s c i l l a t i o n  ve loc i ty  of the  pump as- 
sembly. 

AQA (pos i t ive  downward) i s  the  flow perturbat ion a t  t h e  lower end of t h e  

The flow perturbat ion &l~ depends on t h e  pressure per turbat ions .at both 
ends of t he  propellant feed l i ne .  
(ref. 3) r e l a t i n g  mt t o  &A and Ds i s  

The acoust ic  transmission l i n e  equation 

where p = uZ/a and Zo = pa/S. 

The angle p i s  the  phase s h i f t  i n  t h e  l i n e  length 2 f o r  a s ingle  sinus- 
o i d a l  wave t r a i n  with propagation speea a, and Zo i s  the  cha rac t e r i s t i c  
acoust ic  impedance of t h e  l i ne .  
i n l e t  i s  negl igible  compared with 2, t he  suction-pressure per turbat ion A P s  i s  
used i n  equation ( 6 )  f o r  t h e  per turbat ion a t  s t a t i o n  A. For booster vehicles  
now i n  use the  value of p i s  about 0 .1  radian f o r  t h e  short  l i n e  and 1.0 t o  
1.5 radians f o r  t he  long l i ne .  

Since the  dis tance from s t a t i o n  A t o  t he  pump 

Equation (6), therefore,  can be solved f o r  MA 

( 7 )  
mt DS 

= izo s i n  p izo t a n  p 

with the  reservat ion t h a t  t h e  following ana lys i s  i s  not va l id  when p ap- 
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proaches zero or a. 

Acoustic e f f e c t s  i n  t h e  propellant tank can be neglected i n  determining 
the  perturbation pressure APt  a t  the  tank o u t l e t  because the height h of 
propellant i n  the  tank i s  s m a l l  compared with 1 /4  wavelength. Jus t i f iab ly ,  the  
e f f e c t  on APt 
cause the  area of the feed l i n e  i s  only about l percent of the  area of the tank. 
With these approximations, 

of the  tank-outlet  flow perturbation can a l s o  be neglected be- 

Replacing & by i q t G l  and using the parameters l3 and Zo give 

h 
APt = iS%lZop 7 cpt (9) 

Subst i tut ing APt  from equation ( 9 )  i n t o  equation ( 7 )  gives 

Subst i tut ing of equations ( Z ) ,  (4), and (10) i n t o  equation (5)  gives the 
pump-flow perturbation as a function of the s t r u c t u r a l  o s c i l l a t i o n  veloci ty  and 
the suction pressure perturbation: 

The apparent impedance, looking i n t o  t h e  pump from the  suction side, i s  de- 
f ined  by 

The t r a n s f e r  function defining the  pWnp-flow response t o  s t r u c t u r a l  o s c i l l a t i o n  
i s  obtained from equation (11) by using Zp,s formally t o  eliminate APs 

The quantity %,s depends on pump charac te r i s t ics ,  mean suction pressure, 
and other  f a c t o r s  including the  amplitude and phase of the thrust-chamber per- 
turbat ion pressure. Use of the  term Impedance i s  not intended t o  imply t h a t  

has the propert ies  usually associated with the  impedance of a passive ele-  
ment or network. Very l i t t l e  information i s  avai lable  concerning e i t h e r  CB or 
zp, s 
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but  it i s  probably safe  t o  assume t h a t  t h e  denominator i n  equation (13) i s  zp, S' 
not zero. 

The pump-flow response t o  un i t  s t r u c t u r a l  o s c i l l a t i o n  veloci ty  can be mini- 
mized by adjust ing the  f ac to r  
through zero a t  the  time i n  f l i g h t  when t h e  l ike l ihood of o s c i l l a t i o n  i s  
grea tes t .  Thus, t he  optimum value of k i s  

k t o  make the  numerator i n  equation (13) pass 

where t h e  values of cpt, cp2, h, and p are taken a t  5 t o  10 seconds before 
booster engine cutoff.  

Examination of equation (13) suggests another possible  method of reducing 
If the  pump-inlet compliance could be g rea t ly  in-  the  pump-flow perturbation. 

creased, and thus 
t h e  denominator i n  equation (13) would be made la rge  compared with 1, and the  
r a t i o  AQ,Js;C, would thereby be reduced. The required increase i n  compliance 
could be r ea l i zed  by at taching next t o  the  pump i n l e t  a31 accumulator having a 
la rge  compliance and small i n e r t i a  and res i s tance .  This arrangement would have 

' t h e  advantage of introducing a phase l a g  approaching 90° between nQ, and jcl .  

WCB - (l/Zo t a n  p )  could be made la rge  compared with 1/%, s, 

Physical In t e rp re t a t ion  

An examination of equation (11) provides a means of understanding the  phys- 

This flow-continuity equation can be rewr i t ten  as  follows with motion- 
i c a l  mechanism l ink ing  s t r u c t u r a l  o s c i l l a t i o n s  and propellant-flow perturba- 
t ions .  
s ens i t i ve  terms on the  l e f t  s ide and pressure-sensi t ive terms on the  r igh t :  

The l e f t  s ide represents  a net  flow-perturbation input a t  the  lower end of the  
propel lant  l i n e  r e su l t i ng  from mechanical o s c i l l a t i o n  of t he  s t ructure .  The 
f i rs t  term on the  l e f t  s ide i s  the  d i r e c t  pumping ac t ion  of the  o s c i l l a t i o n  ve- 
l o c i t y  k1 of the  pump assembly; t he  s.econd term i s  the  e f f e c t  of the  tank- 
pressure per turbat ion caused by the  o s c i l l a t i o n  ve loc i ty  
tom as modified by the  acoust ic  transmission cha rac t e r i s t i c s  of t he  feed l ine ;  
and the  t h i r d  term i s  the  compensating e f f e c t  of t h e  variable-volume device. 
This input flow perturbat ion goes out i n  the  th ree  direct ions.  One component 
(ap) goes through the  pump, another (i A P s L c c ~ )  i s  absorbed by the  pump-inlet 
compliance, and the  t h i r d  (APs/iZo t a n  p )  goes back i n t o  the  feed l i n e .  
t o t a l  per turbat ion flow i s  divided among t h e  th ree  channels according t o  t h e i r  
respect ive admittances, l/zp,s, i d g ,  and l / i Z o  t a n  p. The phasor sum of the  
th ree  outflow components equals t h e  input flow perturbation. 
pressure per turbat ion i s  determined by the  input flow perturbat ion and the  re-  
su l t an t  impedance of t he  three  p a r a l l e l  channels; thus, 

cptkl of t he  tank bot- 

The 

The pump suction- 
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The apparent pump-inlet impedance Zp,s defined i n  equation ( 1 2 )  depends 
on the  e n t i r e  system downstream of the pump i n l e t  and the  r e l a t i o n  between pump 
flow and thrust-chamber pressure, but chamber pressure i s  a l s o  a function of 
flow perturbations i n  t h e  other  propellant system. 
between the  f u e l  and oxidant systems exis ts ,  therefore,  and a reduction i n  flow 
o s c i l l a t i o n s  i n  one system may possibly lead  t o  increased o s c i l l a t i o n  i n  the 
other. , 

A mechanism of in te rac t ion  

Application 

The volume compensator cons is t s  e s s e n t i a l l y  of a var iable  volume control led 
by the  r e l a t i v e  displacement of two p a r t s  of t h e  s t ruc ture  t h a t  o s c i l l a t e  with 
d i f f e r e n t  amplitudes. The device i s  located next t o  the  pump i n l e t  and requires  
f o r  i t s  operation a mechanical connection t o  some point far enough forward on 
the vehicle t o  have an o s c i l l a t i o n  amplitude s igni f icant ly  smaller than t h a t  a t  
the  engine section. 

On space-launch vehicles i n  which the long propellant l i n e  i s  f i rmly a t -  
tached t o  the bottom of the  upper tank, the motion of the  lower end of the  feed 
l i n e  may be used t o  actuate  a compensating bellows device on the  long-line sys- 
t e m .  (The mode f a c t o r s  cpt and 02 would be the same i n  t h i s  case.)  By means 
of a su i tab le  linkage, t h e  r e l a t i v e  motion of t h e  lower end of the  long propel- 
l a n t  l i n e  might a l s o  be used t o  drive a volume compensator on the  short- l ine 
side. 

On vehicles i n  which a bellows i s  located between the  upper tank and the 
long propellant l i n e  no convenient source of forward-structure motion i s  avai l -  
able i n  the engine section. For such vehicles a relative-motion s igna l  could 
be obtained from a t a u t  w i r e  o r  ribbon connected t o  some forward point on t h e  
vehicle structure,  but a servomechanism would probably be required t o  provide 
the necessary s t i f f n e s s .  

The kinematic f a c t o r  k depends on the dimensions of t h e  device, the  geom- 
e t r y  of the  propellant system, and the  kinematics of the actuat ing linkage. The 
determination of k f o r  a par t icu lar  configuration i s  accomplished by comparing 
it with the configuration of f igure  1 (p. 2) (used t o  define k )  i n  terms of the  
propellant-system volume changes caused by uni t  upward displacements of the  pump 
assembly and the upper connection point. The comparison i s  f a c i l i t a t e d  by using 
a form of the  flow equation i n  which the e f f e c t s  of pump motion 
s t ruc ture  motion cp2k1 a r e  represented by separate terms. Subst i tut ing from 
equation (4) i n t o  equation (5)  and rearranging terms y i e l d  

kl and upper- 

From f igure  1 it can be seen t h a t  S - kS, t h e  coeff ic ient  of kl, repre- 
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sents  the  decrease i n  volume below s t a t i o n  A t h a t  would r e s u l t  i f  t h e  pump as- 
sembly were given a u n i t  upward displacement without moving the  upper connection 
point ( s t a t i o n  2 ) .  The coef f ic ien t  of cpZkl i s  r e l a t e d  i n  a similar way t o  mo- 
t i o n  of the upper point. 
pump f ixed causes the  volume below s t a t i o n  A t o  decrease by 

Certain propellant-system configurations, i n  which the  motion of the bottom 
of the upper tank i s  transmitted t o  the  engine section by the propellant l ine ,  

Thus, a u n i t  upward displacement of point 2 with the  
kS. 

Configura- Expression for % + @ - a~ Expression for k 
tion in 
figure - 

w:1+ (o)cp,%, 0 

are  shown i n  f igure 2. 

AQ, + % - @,A = (S')Hl 

+ (s - S')cptjcl (17)  

' 
I 2(b) I (S')k1 + ( S  - S')(Pt%l 

I 2(d)  (s - S')kl+ (S')cptk1 

2(c) co):l + (S)+1 

J 

I F"' 

( S  - S')/S Equations (16)  and ( 1 7 )  a re  
1 i d e n t i c a l  i f  k = ( S  - S' ) /S 

and cp2 = cpt. This procedure 
S'/S gives the  following results 

An equation analogous t o  equation (16)  can be wr i t ten  

( - S t ) % ,  + ( s t  + S)cptkl 

L 

(S + S')/S 

Constant- I volume I 
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CONCLUDING F@NARKS 

The results of this analysis suggest that the use of a volume compensator 
on either the fuel or the oxidant system w o u l d  effectively minimize propellant- 
flow response to structural oscillations for that system, but because of pos- 
sible interactions, w o u l d  not necessarily eliminate oscillation of the vehicle. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, June 1, 1964 
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APPENDIX - SYMBOLS 

ef fec t ive  sonic speed i n  propellant i n  feed l ine ,  f t / s e c  

compliance, cu f t / ( l b / s q  f t )  

l i q u i d  l e v e l  i n  propellant tank, f t  

imaginary number (complex numbers a re  used t o  represent sinusoidal osc i l la -  
t i o n s  according t o  usual convention) 

kinematic f a c t o r  (character izes  volume compensator), dimensionless 

length of propellant feed l ine,  f t  

perturbation pressure, lb/sq f t  

volume flow rate ,  cu f t / s e c  

perturbation flow ra te ,  cu f t / s e c  

area of cross section of feed l ine,  sq f t  

area of cross sect ion of bellows, sq f t  

volume of compensator, cu f t  

equilibrium volume of compensator, cu f t  

l i n e a r  displacement with respect t o  nonoscil lating reference system moving 
with vehicle, f t  

acoustic impedance, ( lb/sq f t ) / (  cu f t / s e c )  

c h a r a c t e r i s t i c  acoustic impedance 

sonic delay-time phase s h i f t ,  radians 

propellant density, slugs/cu f t  

mode- shape factor ,  dimensionless 

first-mode na tura l  frequency, radians/sec 

Subscripts: 

A nonoscil lating reference s t a t i o n  at lower end of l i n e  

B pump-inlet 

D compensator 
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P through pump 

S pump suct ion s ide  

t bottom of propel lant  tank 

1 engine sec t ion  

2 forward s t ruc tu re  connection point  

Superscr ipts  : 

( '  ), (") first  and second der iva t ives  with respect  t o  t i m e  
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